AMP-activated protein kinase (AMPK) is a serine/threonine kinase that is well conserved during evolution. AMPK activation inhibits production of reactive oxygen species (ROS) in cells via suppression of NADPH oxidase. However, the role of AMPK during the process of Brucella infection remains unknown. Our data demonstrate that B. abortus infection induces AMPK activation in HeLa cells in a time-dependent manner. The known AMPK kinases LKB1, CAMKK␤, and TAK1 are not required for the activation of AMPK by B. abortus infection. Instead, this activation is dependent on the RNase activity of inositol-requiring enzyme 1 (IRE1). Moreover, we also found that B. abortus infection-induced IRE1-dependent activation of AMPK promotes B. abortus intracellular growth with peritoneal macrophages via suppression of NADPH-derived ROS production.
B
rucella is an intracellular bacterial pathogen that causes abortion and infertility in animals and leads to recurrent fever and debilitating musculoskeletal, cardiac, and neurological complications at the chronic stage of the infection in humans. Its virulence depends on properties for survival and replication in host cells (1) .
A prominent characteristic of Brucella is its ability to maintain its intracellular growth via using a stealthy strategy to avoid activation of host cells to produce cellular bactericidal substances (2) . Reactive oxygen species (ROS), which are part of a number of bactericidal substances, are chemically reactive molecules containing oxygen. In the mammalian host, ROS are induced as an antimicrobial defense. Treatment of murine macrophages with methylene blue, an electron carrier, and ROS inhibitors increased and decreased the number of intracellular B. abortus organisms, respectively (3) . This result is compatible with a previous report that production of superoxide by activated macrophages with gamma interferon (IFN-␥) limits intracellular growth of B. abortus (4) . In addition, B. abortus barely activates human polymorphonuclear neutrophils (PMNs) and resists the killing mechanisms of these phagocytes via prematurely killing PMNs due to low ROS formation (5) . Therefore, ROS production plays an important role in mediating B. abortus intracellular survival.
NADPH oxidases are primary sources of ROS and can be induced or activated by stresses, hormones, and cytokines (6) . Elimination of NADPH oxidase in macrophages in vitro increased the intracellular survival of wild-type B. abortus (4) . In addition, an ultrastructural study examining the localization of NADPH oxidase in B. abortus-infected macrophages found that Brucella-containing vacuoles (BCVs) tended not to be associated with NADPH oxidase (7) , which facilitates bacterial replication in BCVs. In the present study, we sought to determine whether the B. abortus infection-induced proteins also contribute to evasion of NADPH oxidase-mediated control of bacterial growth during B. abortus infection of macrophages.
AMP-activated protein kinase (AMPK) is a serine/threonine kinase that has been highly conserved during evolution and is a critical regulator of energy metabolic homeostasis at the cellular and whole-organism levels (8) . AMPK is composed of ␣, ␤, and ␥ subunits, each of which has at least two isoforms. The ␣ subunit contains the catalytic activity, while the ␤ and ␥ regulatory subunits maintain the stability of the heterotrimer complex. The phosphorylation of Thr172 in the activation loop of the ␣ subunit of AMPK is required for its activation. Three major AMPK kinases that phosphorylate the ␣ subunit of AMPK have been identified to date, i.e., the tumor suppressor gene product LKB1, the transforming growth factor ␤-activated kinase (TAK1), and the Ca2/ calmodulin-dependent protein kinase kinase ␤ (CaMKK␤) (9) . Interestingly, AMPK activation is able to suppress NADPH oxidase-derived ROS production in cells (10, 11) . Considering that production of ROS is suppressed in B. abortus-infected host cells (12), we hypothesized that B. abortus infection might elicit AMPK activation, which contributes to the maintenance of B. abortus intracellular survival via suppression of ROS. Brucella infection can cause endoplasmic reticulum (ER) stress and activate the unfolded protein response (UPR) (13) (14) (15) . The UPR includes three trans-ER membrane proteins: activating transcription factor 6 (ATF6), eukaryotic translation initiation factor 2-alpha kinase 3 (PERK), and inositol-requiring enzyme 1 (IRE1) (16) . However, Brucella infection of macrophages or HeLa cells induces activation of only IRE1 in the case of B. abortus (14, 15) . IRE1, which has been identified to be a necessary protein for B. abortus replication (17) , is both a kinase and an endoribonuclease. ER stress is able to induce IRE1-dependent AMPK activation in response to nitric oxide (18) . However, the role of IRE1 RNase in mediating AMPK activation during B. abortus infection remains unclear.
This study provides evidence that B. abortus infection-induced activity of IRE1 leads to AMPK activation in host cells and shows that AMPK activation promotes bacterial growth within macrophages via suppressing NADPH oxidase-derived ROS.
MATERIALS AND METHODS
Materials. Anti-pAMPK (Thr172), AMPK, phosphatidylinositol 3-kinase (PI3K), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), IRE1, TAK1, LKB1, and all secondary antibodies were purchased from Cell Signaling Technology (Danvers, MA). Anti-NADPH oxidase subunits (p47phox and p67phox), UCP2, and CAMKK␤ were from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-pIRE1 antibody was from Abcam. Fluorescein isothiocyanate (FITC)-dextran was from Sigma-Aldrich (Shanghai, China). Dihydroethidium (DHE) was purchased from Molecular Probes. Mitochondrial complex II was from Invitrogen (Shanghai, China). All PCR primers were purchased from Invitrogen. Other chemicals, if not otherwise indicated, were from Sigma-Aldrich (Shanghai, China). All drug concentrations are expressed as the final molar concentration in the working buffer.
Mice. Eight-week-old female C57BL/6 mice were purchased from Jackson Laboratories (Bar Harbor, ME). The investigation conformed to the Guide for the Care and Use of Laboratory Animals published by Jilin University.
Peritoneal macrophage preparation. The resident peritoneal macrophages from C57BL/6 mice were extracted by washing the cavity with 10 ml of cold phosphate-buffered saline (PBS). Cell suspensions were washed twice with cold complete tissue culture medium (alpha minimal essential medium [␣MEM] with 10% fetal calf serum and 50 g/ml gentamicin). Isolated peritoneal cells were counted with 0.4% trypan blue and plated in complete tissue culture medium at a concentration of 2.0 ϫ 10 5 cells per well in a 24-well plate. After incubation for 60 min at 37°C in a 5% CO 2 atmosphere, the nonadherent cells were removed by washing them five times in 1 ml PBS hold at 37°C. The peritoneal macrophages were incubated in fresh ␣MEM supplemented with 50 g/ml of gentamicin (19) .
Cell infection and survival assay. HeLa cells or mouse peritoneal macrophages were plated in 24-well plates in complete tissue culture medium without antibiotics at a concentration of 2.0 ϫ 10 5 cells per well and incubated overnight at 37°C with 5% CO 2 . The cells were infected with B. abortus strain 2308 in triplicate wells of a 24-well plate at a multiplicity of infection (MOI) of 100:1 by centrifuging bacteria onto cells at 400 ϫ g for 10 min at 4°C. Following 15 min of incubation at 37°C in an atmosphere containing 5% CO 2 , the cells were washed three times with ␣MEM to remove extracellular bacteria and incubated for an additional 60 min in medium supplemented with 50 g/ml gentamicin to kill extracellular bacteria. To monitor B. abortus intracellular survival, infected cells were lysed with 0.1% Triton X-100 in phosphate-buffered saline (PBS) at certain time points, and serial dilutions of lysates were rapidly plated onto tryptic soy agar plates to enumerate CFU (20, 21) .
RNA interference. HeLa cells were transfected with small interfering RNA (siRNA) and Lipofectamine 2000 in 6-well plates according to the manufacturer's protocol. All transfections contained 100 pmol siRNA (Invitrogen, Shanghai, China). The siRNA nucleotide sequences (LKB1, CCACCAAUGGCACACUCAA; TAK1, GCAACCCAAAGCGCUAAUU; CAMKK␤, CCGACAUAGCUGAGGACUU; and IRE1, CCACACAACA UCCUCAUAU) corresponding to the coding regions of human LKB1, TAK1, CAMKK␤, or IRE1 were selected. The negative control was set up using the 21-nucleotide RNA oligonucleotide that corresponded to the coding sequence of luciferase. Suppression of expression of endogenous LKB1, TAK1, CAMKK␤, or IRE1 by the siRNAs was determined by imm unoblotting.
Measurement of ROS. Intracellular ROS were measured using the dihydroethidium fluorescence/high-pressure liquid chromatography (HPLC) assay with minor modifications (22) . Briefly, HeLa cells were incubated with 0.5 M dihydroethidium for 30 min. After incubation, the cells were harvested and extracted with methanol. Oxyethidium (a product of dihydroethidium and superoxide anions) and ethidium (a product of dihydroethidium autoxidation) were separated and quantified by HPLC on a C 18 column (mobile phase, gradient of acetonitrile and 0.1% trifluoroacetic acid) coupled with a fluorescence detector. Superoxide anion production was determined by the conversion of dihydroethidium into oxyethidium.
Measurement of NADPH oxidase activity. NADPH oxidase activity was measured as described previously (23) . Briefly, 20 mg protein was incubated with dihydroethidium (10 M) and DNA (1.25 g/ml) in PBS with the addition of NADPH (50 M) in a final volume of 120 l. Incubations were performed for 30 min at 37°C in the dark. Fluorescence intensity was recorded in a microplate reader (excitation, 490 nm; emission, 590 nm).
Western blotting. Macrophages were lysed in ice-cold radioimmunoprecipitation assay (RIPA) buffer. The protein content was assayed with the bicinchoninic acid (BCA) protein assay reagent (Pierce, USA). Twenty micrograms of protein was loaded for SDS-PAGE and then transferred to a polyvinylidene difluoride (PVDF) membrane. The membrane was incubated with a 1:1,000 dilution of primary antibody, followed by a 1:2,000 dilution of horseradish peroxidase-conjugated secondary antibody. Protein bands were visualized by ECL (GE Healthcare). The band densities were measured by densitometry (model GS-700 imaging densitometer; Bio-Rad). The background was subtracted from the calculated area (24) .
Analysis of mitochondrial UCP2. Cells cultured in six-well plates were infected with B. abortus strain 2308 as described in "Cell infection and survival assay" above. Cell lysis of the cytosolic fraction was done with a Mitochondria/Cytosol Fractionation kit (Qiagen) according to the manufacturer's instructions. Uncoupling protein 2 (UCP2) expression in mitochondria was examined by Western blotting.
Construction of cDNA plasmids and mutagenesis. The plasmid pcDNA3-Myc-human IRE1 was constructed by subcloning human IRE1 cDNA (accession no. NM_001433). IRE1 (K559A) and IRE1 (K907A) were generated by site-directed mutagenesis using a mutagenesis kit manufactured by Stratagene.
Cell culture and transfection. Cell culture and transfection were performed as previously described (25) . Briefly, HeLa cells were maintained in Dulbecco modified Eagle medium (DMEM) plus 10% fetal bovine serum (FBS) at 37°C and 5% CO 2 . The cells were cultured to 90% confluence before transfection. For transfection, the plasmid DNA (1 to 2 g/ 60-mm dish) was premixed with Lipofectamine 2000 (Invitrogen) and incubated at room temperature for 15 min. The cells were incubated in the plasmid DNA-Lipofectamine 2000 mixture for 5 h. After 48 h of transfection, the cells were used for the experiment.
Statistical analysis. Statistical analysis was performed using SPSS10.0 software. Data are expressed as means Ϯ standard errors of the means (SEM). The statistical significance of differences was evaluated by using one-way analysis of variance (ANOVA) followed by the Student t test. A P value of Ͻ0.05 was considered statistically significant (25) .
RESULTS

B. abortus infection induces AMPK activation in HeLa cells.
To examine whether B. abortus infection induced AMPK activation in HeLa cells, the level of AMPK with phosphorylation at threonine 172 was determined by immunoblotting with antipAMPK antibody. The results showed that B. abortus infection enhanced the phosphorylation of AMPK in HeLa cells in a time-dependent manner, with significant increases sustained from 8 to 36 h (Fig. 1A) .
LKB1, TAK1, and CAMKK␤ have been shown to function as activators of AMPK (26) (27) (28) . To determine the mechanism by which B. abortus infection stimulates AMPK activation, siRNAs were used to knock down endogenous LKB1, TAK1, or CAMKK␤ in HeLa cells. Considering that AMPK activation was increased significantly at 8 h postinfection (p.i.) (Fig. 1A) The RNase activity of IRE1 is required for B. abortus infection induced-AMPK activation. IRE1 has been reported to play an important role in mediating AMPK activation in response to ER stress (18) . In addition, Brucella intracellular survival can trigger ER stress in host cells (13) (14) (15) . Therefore, we hypothesized that B. abortus-stimulated AMPK activation might require IRE1 activation. To test this hypothesis, we used siRNA to knock down IRE1 expression prior to B. abortus infection. IRE1 expression was successfully suppressed compared to that in control siRNAtreated cells (Fig. 2A) . Compared to control siRNA-treated cells, which showed with robust phosphorylation of AMPK, IRE1 knockdown prevented B. abortus-stimulated AMPK phosphorylation at 8 h (Fig. 2A) .
Considering the potential role(s) of the RNase/kinase IRE1 (18), we determined whether enzyme activity of IRE1 is required for B. abortus-stimulated AMPK phosphorylation. First, HeLa cells were infected with B. abortus, and the phosphorylation state of IRE1 was analyzed by Western blotting. B. abortus infection triggered the phosphorylation of IRE1 (pIRE1) as early as 4 h after infection (Fig. 2B) . These data suggest that B. abortus infection leads to activation of IRE1.
To determine the mechanisms by which activation of IRE1 leads to AMPK phosphorylation, we performed site-directed mutagenesis of IRE1 to generate kinase or RNase domain mutants. HeLa cells expressing IRE1(K599A) (kinase deficient) or IRE1(K907A) (RNase deficient) were infected with B. abortus for 8 h, and AMPK activation was examined. As shown in Fig. 2C , mutation of the RNase activity of IRE1 (K907A) markedly attenuated AMPK phosphorylation. In contrast, mutation of the kinase activity of IRE1 (K599A) did not prevent B. abortus-induced AMPK phosphorylation. To further confirm that IRE1 RNase activates AMPK, HeLa cells were pretreated with 48C (an inhibitor of IRE1 RNase) before B. abortus infection, and AMPK phosphorylation was determined at 8 h p.i. Consistent with our previous result, inhibition of the RNase activity of IRE1 significantly abolished B. abortus-induced AMPK activation (Fig. 2D) . Taken together, these data demonstrate that B. abortus infection stimulates AMPK activation through IRE1 RNase activity.
B. abortus infection-induced AMPK activation downregulates NADPH oxidase activity. AMPK is a physiological suppressor of NADPH oxidase in multiple cell systems (6) . Therefore, we investigated whether B. abortus infection-induced AMPK activation suppresses NADPH oxidase activity. To study the role of AMPK activation in NADPH oxidase activity, we measured NADPH oxidase activity in HeLa cells after infection with B. abortus for 2, 4, and 8 h. As shown in Fig. 3A , the activity of NADPH oxidase was markedly decreased by 4 to 8 h after infection. Compound C, a potent pharmacologic inhibitor of AMPK, significantly increased the B. abortus infection-induced NADPH oxidase activity (Fig. 3B) . Consistent with the results for the compound C-treated group, B. abortus infection also enhanced NA-DPH oxidase activity in HeLa cells transfected with IRE1(K907A) (Fig. 3C) . Taken together, these data confirm that B. abortus infection induces activation of IRE1, which in turn activates AMPK that suppresses NADPH oxidase.
As NADPH oxidase activity can be mediated by the expression of its cytosolic subunits p47phox and p67phox (29, 30) , we determined whether the decreased NADPH oxidase activity caused by B. abortus was due to changes in expression of NADPH oxidase subunits. As expected, B. abortus infection significantly reduced expression of p67phox and p47phox in HeLa cells (Fig. 3D) . HeLa cells transfected with RNase-deficient IRE1(K907A) or pretreated with AMPK inhibitor compound C had significant increases in p67phox and p47phox expression. Taken together, these results suggest that B. abortus infection-induced AMPK activation suppresses NADPH oxidase activity via mediating the protein levels of NADPH subunits p67phox and p47phox.
B. abortus infection-induced AMPK activation promotes bacterial intracellular survival via decreasing NADPH-derived ROS production. Having shown that B. abortus infection activates IRE1, which in turn activates AMPK that suppresses NADPH, we next determined if the NADPH suppression leads to reductions in ROS. B. abortus infection of HeLa cells induced a significant decrease in ROS over time (Fig. 4A) . Pretreatment with an AMPK inhibitor, compound C, led to significantly more B. abortus-stimulated ROS (Fig. 4B) . Likewise, HeLa cells transfected with RNasedeficient IRE1(K907A) had substantially more ROS production than control cells (Fig. 4C) .
Bronner et al. recently reported that B. abortus (strain RB51) infection initiates NLRP3-and caspase-2-mediated mitochondrial damage, which leads to enhanced ROS production (31) . Given that the mitochondrial anion carrier protein uncoupling protein 2 (UCP2) is crucial for modulating mitochondrial ROS and that the generation of mitochondrial ROS is regulated by UCP2 expression (32-34), we examined whether ROS production is also from mitochondria in B. abortus (2308)-infected HeLa cells via checking UCP2 expression. As shown in Fig. 4D , inhibition of AMPK or IRE1 activation did not significantly elicit a change in UCP2 expression in mitochondria, suggesting that mitochondria do not participate in ROS production in B. abortus-infected cells. Taken together, these data indicate that B. abortus infection can prevent NADPH-derived ROS induction in an IRE1-and AMPKdependent manner.
Finally we asked whether the mechanism is specific for HeLa cells. To address this question, mouse peritoneal macrophages which were pretreated with compound C or 48C were infected with B. abortus, and AMPK activation and ROS production were measured, respectively. Consistent with the results in HeLa cells, AMPK activation caused by B. abortus infection was mediated by IRE1 RNase activity, which suppresses ROS production in macrophages ( Fig. 5A and B) . As ROS play an essential role in killing intracellular bacteria (3, 35) , we also investigated the role of AMPK activation in bacterial intracellular survival at different times by counting B. abortus CFU. As shown in Fig. 5C , the number of intracellular live bacterial decreased significantly in macrophages pretreated with compound C or 48C compared to control cells, suggesting that the suppression of ROS via IRE1 and AMPK activation is essential for intracellular survival.
DISCUSSION
This study demonstrates that B. abortus infection alters host cellular proteins that are essential for intracellular survival. Our data show that B. abortus infection induces AMPK activation in HeLa cells or peritoneal macrophages that are essential for the suppression of NADPH and ROS production required for intracellular survival of the bacterium. Mechanistically, we discovered a novel role for IRE1 RNase activity in this process whereby RNase-deficient IRE1 is unable to activate AMPK, leading to failure to suppress ROS and suppression of bacterial survival.
One of the most important findings of this study is that B. abortus infection induces AMPK activation. To explore the mechanisms by which B. abortus mediates AMPK activation, we initially evaluated the effects of siRNA knockdown for each of the known AMPK kinases, LKB1, CAMKK␤, and TAK1. Surprisingly, siRNA knockdown of these AMPK kinases did not inhibit B. abortus infection-induced AMPK activation, indicating that each of these known AMPK kinases is dispensable for AMPK activation in B. abortus-infected HeLa cells. IRE1 has been reported to participate in mediating AMPK activation in response to nitric oxide stimulation (18) , and recent studies showed that Brucella infection of macrophages or HeLa cells induces activation of IRE1 (13) (14) (15) , suggesting that IRE1 may influence the activation of AMPK during the process of B. abortus infection. In testing this hypothesis, we made the similar observation that infection with B. abortus activates IRE1. More importantly, our results demonstrated that IRE1 RNase mutation inhibits AMPK activation in response to B. abortus infection. However, the direct effects of B. abortus on IRE1 RNase activity are currently unknown. Quercetin has been reported to stimulate IRE1 RNase activity and activate AMPK as an IRE1 ligand (36, 37) . Brucella can deliver different effector proteins across the Brucella-containing vacuole (BCV) membrane into the host cell via the VirB type IV secretion system (T4SS) (1, 38) . Therefore, we speculate that B. abortus may generate an effector acting as an IRE1 ligand for activation of IRE1 RNase. Indeed, the effector VceC has been shown to participate in modulating IRE1 RNase activity via binding of the ER chaperone BiP (15) . In future experiments, we will further investigate whether VceC or other effectors function as IRE1 ligands to activate AMPK.
Another important finding of this study is that AMPK activation promotes B. abortus intracellular growth via suppressing ROS production in host cells. Previous studies showed that Brucella lipopolysaccharide induces low ROS formation mediated by NADPH oxidase in PMNs (5). However, the underlying mechanism remains elusive. To our knowledge, our study is the first to report that AMPK activation plays an important role in NADPH oxidase-derived ROS production downstream of Brucella infection. NADPH oxidase, which is inhibited by activity of AMPK, is identified as the main source of ROS (6) . Our data show that expression of NADPH oxidase subunits was downregulated in the presence of B. abortus infection. Accordingly, decreased activity of NADPH oxidase abolishes ROS production and, consequently, significantly promotes bacterial replication. Importantly, inhibition of AMPK significantly increased the production of NADPH cytosolic oxidase subunits, suggesting that the effects of AMPK on B. abortus infection are directly mediated by inhibition of NADPH oxidase-derived ROS (Fig. 5D) .
In this study, pretreatment with AMPK inhibitor compound C exerted a dramatic effect leading to decreases in B. abortus intracellular growth. These data suggest that B. abortus will trigger increased ROS production of the host in the absence of AMPK activation (Fig. 5C) . Although compound C is widely utilized to assess the role of AMPK in vitro, the drug may affect other cellular processes besides AMPK (39) . The nonspecificity of compound C is one limitation of this study. However, these results supply a rationale to further investigate specific inhibitors of AMPK that might be utilized to suppress Brucella survival. Also, despite nonspecificity, compound C may be useful therapeutically in view of inhibition of B. abortus intracellular growth. Successful inhibition of Brucella virulence in vivo by compound C or other, more selective ROS modulation could open a new avenue of drug development.
In conclusion, the results demonstrate that B. abortus infection-induced AMPK activation promotes bacterial growth within host cells via inhibiting production of ROS by suppression of NADPH oxidase. It is tempting to speculate that targeted intervention with AMPK activation could provide an attractive therapy for management of brucellosis.
